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a  b  s  t  r  a  c  t

The  study  prior  to  the installation  of  a power-line  communication  (PLC)  system  requires detailed  knowl-
edge  of  the  channel  properties,  such  as  transfer  function,  noise  levels,  and  channel  capacity  in  order
to  assess  the services  that  can  be  provided.  The  channel  capacity  is greatly  affected  by the  transmitted
power  over  the  available  frequency  range.  At the  same  time,  the  values  of transmitted  power  determine
the  electromagnetic  field  magnitude  to the vicinity  of  the  system.  The  simultaneous  operation  of  different
systems  which  share  parts  of the  same  frequency  range,  in  the context  of  smart  grid  communications,
has  to  be regulated  in order  to avoid  excessive  interference  scenarios.  Therefore,  an  algorithm  that  calcu-
hannel capacity
lectromagnetic interference
lectromagnetic compatibility (EMC)
verhead power lines
ower line communications (PLC)

lates  the  optimum  power  allocation  of  the transmitted  power  for  PLC  systems  is  proposed.  The  algorithm
takes  into  account  the  maximum  permitted  values  of electric  field  emitted  from  the  PLC  system  and
determines  the  transmitted  power.  The  proposed  algorithm  is  implemented  for  several  test  cases,  while
the  corresponding  channel  capacities  are  calculated.  It is shown  that  the proposed  scheme  better  exploits
the  available  frequency  range  and  the  transmission  margins.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Economical feasible technologies, such as power line commu-
ication (PLC) systems can be used in order to serve the increasing
ecessity for data transfer. This technology utilizes the existing
lectrical power grid infrastructure, hence it does not require
nvestments for backbone creation. Future power systems in the
orm of smart grids are expected to incorporate information and
ommunication technology (ICT) in order to enhance their reli-
bility, offering to PLC technology a major chance for large scale
mplementation [1–6]. Several proposed methods require data
ommunication and PLC systems could be utilized to do so.

The design of power grids was conducted aiming to deliver elec-
ric power at very low frequencies. However, PLC technology can
tilize frequencies up to several MHz. Also power grids extent to
ast areas with numerous branches. For that reason PLC signals

uffer from attenuation and multipath propagation, problems sim-
lar to those appearing in wireless communication systems [7–10].
his makes the rigorous investigation of several aspects prior to a

∗ Corresponding author.
E-mail address: amilioud@auth.gr (A. Milioudis).

ttp://dx.doi.org/10.1016/j.epsr.2016.03.047
378-7796/© 2016 Elsevier B.V. All rights reserved.
PLC system installation necessary [11–18]. The data capacity of the
PLC communication channels could determine PLC utilization lev-
els, which mainly depends on the existing noise, the transmitted
power, the available frequency range and the transfer function of
the channel.

Focusing on the transmitted power, it is affected and determined
by the parameters of the system and by the fact that several sys-
tems that make use of the same frequency range have to be able to
operate, respectively. Hence, the transmitted power levels have to
comply with rules ensuring electromagnetic compatibility (EMC).
The operation of PLC devices must not create interference to other
communication devices at their vicinity. The procedure to deter-
mine the effect of a PLC device operation to its vicinity includes the
measurement of the associated electric field at specific distance
from the system [19]. The measured values have to not exceed pre-
determined values that are specified by organizations responsible
for EMC. Several organizations have suggested maximum values
for electric field magnitude created by PLC systems. However, as
of today there is no common adopted values. The existing sug-

gestions come from either state services or other organizations
from various countries, such as Germany, Norway, BBC & NATO
and the FCC from USA [20]. Emissions produced by power lines
and PLC system operation have attracted some research interest.

dx.doi.org/10.1016/j.epsr.2016.03.047
http://www.sciencedirect.com/science/journal/03787796
http://www.elsevier.com/locate/epsr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsr.2016.03.047&domain=pdf
mailto:amilioud@auth.gr
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Fig. 1. Conductor at a height h from the surface of the earth.

n particular emission calculation methods have been investigated
n [21–24]. However, the calculations of electromagnetic emissions

ere not used in order to optimize the overall transmitted power
nd hence the channel capacity. The channel capacity is highly
ffected by the overall transmitted power. Studies in the litera-
ure have adopted the water filling algorithm which prerequisites
he overall transmitted power for the whole frequency range as an
nput and clearly do not take into account the limits for electromag-
etic emissions [25–27]. Unlike this method, the proposed scheme
akes into account electromagnetic emissions’ limits in order to
ccurately compute the overall transmitted power.

In order to better exploit the available frequency range and per-
itted values for transmitted power, a new approach is presented.

his approach takes into consideration all the parameters of a PLC
rrangement installed in overhead MV  networks. Furthermore, by
djusting the transmitted power for all available frequencies it fully
xploits the available frequency range and at the same time does
ot exceed the predetermined values of emitted electric field in
rder to comply with EMC  regulations. In Section 2 a theoretical for-
ulation of the electric field emitted by a transmission line, both

dopting a single and multiphase approach, is presented. Subse-
uently, Section 3 focuses on the theoretical approach regarding the
lectric field emitted by a broadband PLC system, while Section 4
resents the maximum allowed transmitted power calculation
lgorithm. All the conducted simulations are included in Section 5.
inally, the more important conclusions are shown in Section 6.

. Electric field emitted by a transmission line

.1. Single phase approach

Considering an overhead conductor at a height h from the
urface of the ground, which carries current Ie−�x with angular
requency ω, the electric field to the surrounding area can be cal-
ulated by making use of the electric and magnetic Hertz vectors
28], as suggested by Wait [29] for a thin conductor being at a
istance from the line separating two mediums with different elec-
romagnetic properties, which in the studied case are the air and
he ground as shown in Fig. 1. Concretely, the dielectric constant
nd magnetic permeability of the air are ε0, �0, respectively and the
ielectric constant and magnetic permeability of the earth are εg,
0, respectively. The electric field per direction can be computed
sing electric and magnetic Hertz vectors as shown in Eqs. (1)–(3)

x(x, y, z) =
(

k2
0 + ∂2

2

)
�E (1)
∂x

y(x, y, z) = ∂2
�E

∂y∂x
+ j�0ω

(
∂�H

∂z

)
(2)
s Research 140 (2016) 958–964 959

Ez(x, y, z) = ∂2
�E

∂z∂x
− j�0ω

(
∂�H

∂y

)
(3)

where k0 = ω
√

ε0�0. Moreover, the electric and magnetic Hertz
vector, �E �H, respectively, are defined as in Eqs. (4) and (5),
respectively

�E = − j�0ωI

4�k2
0

· e−�x ·
∫ +∞

−∞
[eu0(z−h) + R(	)e−u0(z+h)] · e−j	y

u0
d	 (4)

�H = − j�0ωI

4�k2
0

· e−�x ·
∫ +∞

−∞
[e−u0h + M(	)e−u0z] · e−j	y

u0
d	. (5)

Variable u0 is computed using Eq. (6). Furthermore, functions
R(	) and M(	) are defined using the boundary conditions on the
mediums separating line and are given by Eqs. (7) and (8):

u0 =
√

	2 − �2 − k2
0 (6)

R(	) = −	2�2(1 − K)2 + (ε0ωu0 − εgωugK)(�0ωu0 + �0ωugK)

	2�2(1 − K)2 + (ε0ωu0 + εgωugK)(�0ωu0 + �0ωugK)
(7)

M(	) = 2	�ε0ωu0(1 − K)

	2�2(1 − K)2 + (ε0ωu0 + εgωugK)(�0ωu0 + �0ωugK)
(8)

where K = (k2
0 + �2)/(k2

g + �2), kg = ω
√

εg�0 and ug =√
	2 − �2 − k2

g .
The analytical expressions for the components of electric field

at each direction of the Cartesian coordinate system at a point with
coordinates (x, y, z) are derived by using Eqs. (1)-(5) and Leibniz
integral rule and are shown in Eqs. (9)-(11).

Ex(x, y, z) = (k2
0 + �2) ·

(
− j�0ωI

4�k2
0

)
· e−�x

·
∫ +∞

−∞
[eu0(z−h) + R(	)e−u0(z+h)] · e−j	y

u0
d	 (9)

Ey(x, y, z) =
(

− j�0ωI�

4�k2
0

)
· e−�x

·
∫ +∞

−∞

{
[eu0(z−h) + R(	)e−u0(z+h)] ·  j	 · e−j	y

u0

}
d	

−
(

�2
0ω2I

4�k2
0

)
· e−�x ·

∫ +∞

−∞

[
e−u0hM(	)u0e−u0z e−j	y

u0

]
d	

(10)
+ �2
0ω2I

4�k2
0

· e−�x ·
+∞

−∞
e−u0hM(	)e−u0zj	

e−j	y

u0
d	

(11)
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Fig. 2. Multiconductor configuration above ground.

.2. Multiconductor approach

The single phase approach can be used for the computation of
he electric field at the surrounding area of the conductor caused
y the current that is carried. However, this approach has to be
xtended to take into account multiconductor arrangements.

Considering that the studied arrangement is illustrated in Fig. 2,
nd is comprised of N overhead conductors, each of which is at
eight hi from the ground. The study of the equations providing
he electric field for the single phase case gives that the propaga-
ion constant � is considered known. For a multiconductor case
he propagation constants are defined in the modal domain. Fur-
hermore, the current carried by conductor i at some point x at the
irection of the transmission line, Ii(x), can be expressed using the
odal currents as in Eq. (12).

i(x) = [ TI(i, 1) TI(i, 2) · · · TI(i, N) ] ·

⎡
⎢⎢⎢⎢⎣

Im1(x)

Im2(x)

...

ImN(x)

⎤
⎥⎥⎥⎥⎦ (12)

The electric field emitted by conductor i of a multiconductor
rrangement can be computed through the analysis of N single
hase equivalents, each of which is defined by the propagation con-
tant �mj and the current T(i, j) · Imj(x), both corresponding to mode

 [24]. Moreover, the coordinates of the conductor yi and zi = hi have
o be used. More specifically, the electric field components created
y the mode j of conductor i of a multiconductor configuration are
efined in Eqs. (13)–(15).

xij(x, y, z) = (k2
0 + �2

mj) ·
[
− j�0ωTI(i, j)Imj(x)

4�k2
0

]
· e−�mjx

·
∫ +∞

−∞
[eu0(z−hi) + R(	)e−u0(z+hi)] · e−j	(y−yi)

u0
d	 (13)

yij(x, y, z) =
[
− j�0ωTI(i, j)Imj(x)�mj

4�k2
0

]
· e−�mjx

·
∫ +∞

−∞

{
[eu0(z−hi) + R(	)e−u0(z+hi)] ·  j	 · e−j	(y−yi)

u0

}
d	

[
�2ω2T (i, j)I (x)�

]

− 0 I mj mj

4�k2
0

· e−�mjx

·
∫ +∞

−∞

[
e−u0hi M(	)u0e−u0z e−j	(y−yi)

u0

]
d	 (14)
s Research 140 (2016) 958–964

Ezij(x, y, z) =
[

j�0ωTI(i, j)Imj(x)�mj

4�k2
0

]
· e−�mix

·
∫ +∞

−∞

{
[u0eu0(z−hi) − R(	)u0e−u0(z+hi)] · e−j	(y−yi)

u0

}
d	

+
[

�2
0ω2TI(i, j)Imj(x)

4�k2
0

]
· e−�mjx

·
∫ +∞

−∞

[
e−u0hi M(	)e−u0zj	

e−j	(y−yi)

u0

]
d	 (15)

Therefore, the total values of electric field components emitted
by conductor i can be computed through Eqs. (16)-(18)

Exi(x, y, z) =
N∑

j=1

Exij (16)

Eyi(x, y, z) =
N∑

j=1

Eyij (17)

Ezi(x, y, z) =
N∑

j=1

Ezij. (18)

Finally, the total values of the electric field components emitted
by all conductors of the arrangement can be calculated by the sum
of the values emitted by each conductor separately, as shown in
Eqs. (19)–(21). The total rms  value of the electric field at a point
with (x, y, z) coordinates can be computed through Eq. (22)

Ex(x, y, z) =
N∑

i=1

N∑
j=1

Exij (19)

Ey(x, y, z) =
N∑

i=1

N∑
j=1

Eyij (20)

Ez(x, y, z) =
N∑

i=1

N∑
j=1

Ezij (21)

E(x, y, z) =
√

E2
x (x, y, z) + E2

y (x, y, z) + E2
z (x, y, z). (22)

3. Electric field emitted by a broadband PLC system

Electric field is generated at the surrounding area of a function-
ing overhead PLC system. Let us consider focusing on a part of the
distribution network that does not contain branches and located
between two  installed PLC devices. Moreover, the first device,
Device 1, is considered to be installed at point x = 0, functioning as
data transmitter, while the second device, Device 2, is considered
to be installed at point x = L, functioning as data receiver. The points
of the installed devices are considered to be matched meaning that
the input impedance matrix at the point x = 0 is equal to the charac-
teristic impedance matrix of the multiconductor configuration as
shown in (23) [30]

Zin = Zc. (23)

The input current vector can be calculated using the known

input impedance matrix Zin and the input voltage vector of Device
1 as shown in Eq. (24)

I(0) = Zc
−1Vin. (24)
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duced electric field to the vicinity of the line. Several signal injection
methods can be implemented to the studied arrangement, which
are shown in Table 2.

Table 1
Simulation parameters.

Conductor material ACSR
Conductor cross section (mm2) 70/12
Conductor height, hi (m)  10
Distance among adjacent conductors (m) 1
Earth conductivity, 
g (S/m) 0.01
Earth permittivity, εg (F/m) 10 · ε0

External field amplitude (dB�V/m) 0
A. Milioudis et al. / Electric Power

The transmission line matching at the installation point of Device
 ensures that there will not be reflected voltage and current waves,
hus the maximum value of the phase currents will be measured
t point x = 0 [30]. Hence, the maximum values of electric field are
easured at yz plane intersecting the x axis at the same point. Con-

lusively, the calculated electric field values at this plane can be
sed within the context of a maximum transmitted power alloca-
ion procedure of an overhead PLC system.

. Maximum allowed transmitted power calculation

The transmitted power can be computed, while knowing the
oltage and current vectors at the Device 1 installation point, as the
eal part of the complex power at the same point by using (25) [31]

em = 1
2

· Re(Vin
t · I0

∗) (25)

here Re(·) denotes the real part operator.
The maximum allowed transmitted power can be associated to

aximum values of electric field, as they are stated by several orga-
izations and standards. Hence, the procedure to be adopted has to
nsure that these maximum values will not be exceeded so as to
omply with standards and organization suggestions and simulta-
eously that the available limits will be fully exploited. Therefore,

 recursive procedure can be formulated through which the proper
nput voltage vector and eventually the maximum allowed trans-

itted power can be determined.

lgorithm 1. Maximum allowed transmitted power calculation
em.

: Objective function to be minimized E(k) − Elimit

: Determine initial voltage vectors Vin
(1) and Vin

(2)

: Calculate corresponding input current vectors Iin
(1) and Iin

(2)

: Corresponding electric field values calculation E(1) and E(2) by
using the procedure shown in Section 2.2

: repeat

: Vin
(3) = Vin

(2) − [E(2) − Elimit ] · Vin
(2)−Vin

(1)

[E(2)−Elimit ]−[E(1)−Elimit ]

: if |E(1) − Elimit| < |E(2) − Elimit| then
:  Vin

(2) = Vin
(3)

: else
0: Vin

(1) = Vin
(3)

1: end if
2: Calculate corresponding input current vector Iin

(3)

3: Corresponding electric field value calculation E(3) by using the
procedure shown in Section 2.2

4: until|E(3) − Elimit| < e
5: Vin = Vin

(3)

6: I0 = Zin
−1 · Vin

7: Pem = 1
2 real(Vin

t · I0∗)

Concretely, a recursive procedure with k repetitions is formu-
ated and the difference among the calculated electric field value, E,
nd the value corresponding to the limit, Elimit, is the objective func-
ion to be minimized. Variable k corresponds to the number of rep-
titions needed for the algorithm to converge to the specified goal
alue. This process is adopted for each examined frequency that
ies into the studied frequency range. For every input voltage vector
in

(k) a corresponding current vector Iin
(k) can be calculated as well

s the respective electric field value, E(k), at a specified point in the
urrounding area of the studied arrangement. The purpose of the
rocedure is the derivation of the electric field value E(k) approach-

ng the limit value Elimit within the range defined by the conver-
ence criterion e. The algorithm initiation is held after choosing two
andom input voltage vectors Vin

(1) and Vin
(2), and the calculation
f the corresponding input current vectors Iin
(1) and Iin

(2), as well as
he electric field values E(1) and E(2) by using the procedure shown
n Section 2.2, considering that the final solution does not lie among
he initial input voltage choices. The proposed algorithm adopts an
Fig. 3. Studied three-phase configuration.

alternative approach to the root searching of non linear equation
by linear interpolation and is presented thoroughly in Algorithm 1,
the result of which is the vector Pem that complies with the studied
limits of electric field caused by the function of a PLC system.

5. Simulations

In order to develop a test case several parameters related to the
studied arrangement, PLC system characteristics and EM activity at
the vicinity have to be chosen. Specifically, the PLC system is con-
sidered to be installed at a three phase overhead MV  distribution
line with a distance of 1 km among two consecutive installed PLC
devices. Furthermore, both communication devices are matched
to the transmission line’s characteristic impedance. The geomet-
ric configuration of the overhead MV transmission line comprises
three ACSR phase wires of a 70/12 mm2 cross section, located at a
height of 10 m above the surface of the earth, in a symmetrical hor-
izontal arrangement. Specifically, the outer conductors have 1 m
spacing from the middle one, as shown in Fig. 3. The earth prop-
erties, considered for the simulations, correspond to conductivity
equal to 0.01 S/m and relative permittivity equal to 10. Moreover,
the studied external plane EM-field propagation forms a 40◦ angle
with the x axis of the xz plane, and a 20◦ angle with the y axis of
the xy plane. The directions of the Cartesian coordinate system are
shown in Fig. 3. It is essential to clarify that all electric field calcu-
lations correspond to height equal to 1 m above the ground plane,
i.e. z = 1, as in [19,20] if not stated otherwise. Moreover, the cho-
sen generic amplitude of the examined EM field is considered to
correspond equal to 0 db�V/m for all examined frequencies [32].
Moreover, the convergence value e is chosen equal to 10−8. It has
to be stated that the per unit length electrical parameters of the
studied arrangement was calculated using the model described in
[33,34]. All simulation parameters are included in Table 1.

The way that the signal is injected can influence greatly the pro-
External field angle with x axis of xz plane (◦) 40
External field angle with y axis of xy plane (◦) 20
Convergence criterion value, e 10−8

Distance among PLC devices, L (m)  1000
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Table  2
Signal injection types.

Parts used for signal injection Code name

Conductor 1 and earth A
Conductor 2 and earth B
Conductor 3 and earth C
Conductor 1 and conductor 2 D
Conductor 1 and conductor 3 E
Conductor 2 and conductor 3 F

Table 3
Different proposed emissions for PLC systems.

Organization F (MHz) EMlim D (m)

Germany 1–30 40–8.8 log fMHz (db�V/m) 3
Norway 1–30 20–7.7 log f (db�A/m) 3
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As stated there are several suggestions from different orga-
izations regarding the maximum created electric field from a
LC system operation. These suggestions refer to the electric field
agnitude at specific distance from the arrangement as shown in

able 3. Specifically, F corresponds to the frequency range associ-
ted to the maximum permitted electric field value determined by
Mlim at a distance specified by D.

The electric field components and the overall electric field
alculated at a distance equal to 30 m from conductor 3 of the
rrangement, while the signal injection is conducted between con-
uctor 2 and the earth, i.e. signal injection type B, are illustrated
ersus frequency in Fig. 4. As shown the y component is the dom-
nant and therefore the value of the overall electric field is mainly
ffected by that component. For that reason the respective values
f E and Ey have a small deviation among them and the effect of
requency to their value follows similar patterns. It is worth men-
ioning that an electric field component at x axis is calculated. The

 axis is parallel to the conductors. This shows that the propagation
ode is not typically TEM (transverse electromagnetic), but quasi-

EM since the dominant component does not lie on the axis of the
onductors. Moreover, the calculated values significantly exceeds
he maximum allowed value from the FCC suggestion which is
qual to 30 �V/m and is also the largest among all suggested val-
es. Therefore, the value of the applied voltage, which is considered
qual to 0.1 V has to be considerably adjusted in order to cope with
uggested limitations.

The electric field components and the overall electric field are

llustrated versus distance from the arrangement on the y axis as
hey are calculated at frequency equal to 5.5 MHz  in Fig. 5. The B
ignal injection type is adopted. All components exhibit a symme-
ry with respect to y = 0 axis as expected, with maximum values
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ig. 4. Electric field components at a distance of 30 m from the arrangement versus
requency.
Fig. 6. Electric field versus frequency and distance from the arrangement.

for y and x components at the specific point, while z component is
equal to zero. Similar to the previous case the applied voltage of
0.1 V leads to very high electric field values with respect to exist-
ing suggestions and has to be adjusted. The influence of frequency
and distance from the middle conductor of the studied arrange-
ment to the value of the overall electric field value is investigated
in Fig. 6. Once more the signal injection type B is implemented and
the used input voltage is equal to 0.1 V for all implemented fre-
quencies, while the lateral distance varies from −30 to 30 m.  The
electric field values exhibit a symmetry with respect to the distance
from the arrangement. Furthermore, the calculated values decrease
while the used frequency increases. This happens because the input
impedance value increases for higher frequencies thus leading to
decreased input current values for steady input voltage.

The next studied case corresponds to the calculation of the max-
imum permitted transmission power versus frequency taking into
account not to exceed the maximum values suggested by several
organizations by implementing the proposed method. The calcula-

tions illustrated in Fig. 7 incorporate electric field value suggestions
from FCC, Germany, Norway, BBC & NATO. The signal injection type
B is used and the input voltage vector and therefore the transmitted
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Fig. 9. Total capacity for maximum transmitted power of different proposals and
different signal injections.
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ower are adjusted according to the calculated electric field value
n order to comply with the various suggestions implementing the
roposed algorithm. As shown in Fig. 7 the maximum permitted
ransmitted power corresponding to the FCC suggestion is signif-
cantly larger compared to all others. More concretely, second in

agnitude is the curve corresponding to Germany suggestion fol-
owed by Norway and BBC & NATO suggestions. This is expected
rom the suggested maximum permitted electric field values shown
n Table 3. Focusing on the curve for the FCC suggestion it is con-
luded that different transmitted power values are calculated for
ach studied frequency taking into account the specific character-
stics of the studied arrangement.

The proposed scheme computes the optimum transmitted
ower for every frequency of the available frequency range com-
lying with the limits of electromagnetic emissions. Therefore, the
verall transmitted power results from the sum of all computed
alues for the available frequency range. However, studies from the
iterature have adopted a different approach [25–27]. Specifically,
y implementing the water-filling algorithm for calculating the
verall channel capacity similar studies required the overall trans-
itted power as an input of the method. This approach clearly does

ot take into account electromagnetic emissions limits in order to
rovide the overall transmitted power. Therefore, the advantage of
he proposed scheme compared to existing studies in the literature
s obvious.

The implementation of the proposed algorithm for the calcu-
ation of the maximum permitted transmitted power per used
requency affects the corresponding overall capacity of the com-

unication channel on the physical layer. In Fig. 8 the computed
verall capacity values in Mbps for signal injection type B and avail-
ble frequency range with maximum frequency equal to 30 MHz
re illustrated. The overall capacity for FCC suggestion approaches
00 Mbps, which is considered really high for broadband PLC sys-
ems in overhead MV lines. The capacity for Germany suggestion is
00 Mbps less than the previous case, while the values for Norway
nd BBC & NATO suggestions are quite similar and approximately
00 Mbps less than the capacity for Germany suggestion. Signif-

cant deviation among the various suggestions are derived. This
akes the proposed method necessary and valuable tool for PLC

ystems design, in order to enhance electromagnetic compatibility.
The communication channel capacity corresponding to all pos-

ible signal injection types is studied in Fig. 9. It is derived that the
ases of signal injection among one conductor and the earth (types
, B and C) correspond to lower capacity values in comparison with
ignal injection types incorporating two conductors (types D, E and
). This is due to the fact that for cases D, E and F the main circuit
urrents in some extent cancel each others created electric field.
or that reason the maximum transmitted power levels are higher

esulting to larger capacity values compared to signal injections
sing one conductor and the earth. The capacity for FCC suggestions
nd for cases D, E and F approach the value of 700 Mbps, which is
onsiderably high taking into account that the maximum frequency
Fig. 10. Total capacity versus available bandwidth for different levels of injected
power.

of the available bandwidth is 30 MHz  and similar study by Amir-
shahi et al. [25] calculated capacity close to 1 Gbps but for maximum
frequency of the available frequency range equal to 100 MHz. Hence
for smaller available frequency range but with the application of the
proposed method the capacity is significantly enhanced.

In order to better illustrate the difference of the proposed
scheme from the adopted techniques presented in the literature
a comparison among the proposed scheme and the water fill-
ing (WF) algorithm is conducted. The calculated overall channel
capacity versus frequency for the different maximum electric field
suggestions using the proposed scheme and the water filling (WF)
algorithm for different total transmitted power levels are shown
in Fig. 10. The B signal type injection is adopted and the available
maximum frequency is equal to 30 MHz. The WF  algorithm takes
as input the total transmitted power and distributes it over the
whole available frequency range, whereas the proposed scheme
calculated the maximum permitted transmitted power per used
frequency in order not to exceed specific electric field value limits.
By this way  the proposed scheme exploits better the available fre-
quency range. From Fig. 10 is deduced that the proposed method
can be used to ensure electromagnetic compatibility while the WF
algorithm implementation does not take it into account. It is illus-
trated that the WF algorithm with overall transmitted power equal
to 5 dBm corresponds to the lower channel capacity values indicat-
ing that this value for overall transmitted power poorly exploits the
available frequency range compared to every available suggestions,
i.e. FCC, Germany, Norway and BBC & NATO.

6. Conclusion

In this paper a model which can be used to calculate the EM
emissions from power lines and PLC systems is presented. Taking
into account that the transmitted power of such systems has a sig-

nificant impact in both the channel capacity and the interference
induced on other systems utilizing the same frequency range a
novel algorithm for optimum allocation is proposed. This algorithm
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nsures that the available frequency range is fully exploited while
t the same time the electric field values emitted by the system
peration do not exceed prespecified values. The validity of the
roposed model for emission calculations is verified by several
imulations. The optimum transmitted power allocation algorithm
s implemented for several emission suggestions reported in the
iterature and the effects to corresponding channel capacity is
llustrated. The proposed approach can be a useful tool towards
nal specification of strict emission limits by several competent
rganizations towards ensuring both large channel capacities and
lectromagnetic compatibility. Moreover, it could greatly help
he investigation of extensive PLC technology implementation
or smart grid communication handling. Furthermore, the pro-
osed scheme is compared with other existing approaches for
ransmitted power allocation existing in literature, that do not
ake into account the emission limitations, and it is shown that
ts implementation can lead to significant increase of channel
apacity which could improve quality of service. Conclusively, the
pproach proposed in the manuscript constitutes the first time
o include emission level compliance of PLC systems to the way
hat the transmitted power is allocated in order to achieve full
xploitation of the available bandwidth and EMC.
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